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Abstract
About half of the known miRNA genes are located within protein-coding host genes, and
are thus subject to co-transcription. Accumulating data indicate that this coupling may be an
intrinsic mechanism to directly regulate the host gene’s expression, constituting a negative
feedback loop. Inevitably, the cell requires a yet largely unknown repertoire of methods to
regulate this control mechanism. We propose APA as one possible mechanism by which
negative feedback of intronic miRNA on their host genes might be regulated. Using in-silico
analyses, we found that host genes that contain seed matching sites for their intronic miR-
NAs yield longer 32UTRs with more polyadenylation sites. Additionally, the distribution of
polyadenylation signals differed significantly between these host genes and host genes of
miRNAs that do not contain potential miRNA binding sites. We then transferred these in-sil-
ico results to a biological example and investigated the relationship between ZFR and its
intronic miRNA miR-579 in a U87 cell line model. We found that ZFR is targeted by its intro-
nic miRNA miR-579 and that alternative polyadenylation allows differential targeting. We
additionally used bioinformatics analyses and RNA-Seq to evaluate a potential cross-talk
between intronic miRNAs and alternative polyadenylation. CPSF2, a gene previously asso-
ciated with alternative polyadenylation signal recognition, might be linked to intronic miRNA
negative feedback by altering polyadenylation signal utilization.
Introduction
In the recent past, miRNAs have gained significant attention as regulators of the transcriptome.
MiRNA genes are found throughout the genome, and about half of them are located in genomic
regions that contain protein-coding information. They can be classified as either intergenic or in-
tragenic, and the latter can be subclassified as exonic or intronic [1]. While some intronic miR-
NAs may be regulated by their own promoter sequences [2], the expression of the majority of
intronic miRNAs depends on transcriptional activation of the host gene: When a protein-coding
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gene is transcribed into mRNA, this primary transcript also contains the miRNA sequence that
may subsequently be processed into a mature miRNA [3]. Consequently, the expression of a
miRNA can be coupled to the expression of its host gene. Increasing evidence suggests that this
miRNA—host gene relationship is of functional importance: Intronic miRNAs may affect their
hosts’ expression or the expression of host-interacting proteins [1]. In both cases, intronic miR-
NAs were shown to influence the molecular activities of their hosts. Recently, Dill et al. experi-
mentally validated an example of an intronic miRNA targeting its host gene, hence uncovering a
direct negative feedback mechanism [4]. Interestingly, the miRNAwas processed only after dif-
ferentiation of the cell, showing that this mechanism was time-dependent. This clearly proved
the existence of functional relationships between intronic miRNAs and their host genes. Further-
more, this work identified a first example for regulation of this coupling. However, the described
model was limited to cell differentiation processes. So far it remains unclear whether there exist
more general mechanisms that may enable control of host gene expression by intronic miRNAs.
Whereas differential processing of the intronic miRNA constitutes one way to control activity
of a negative feedback mechanism, modulation of miRNA target-site accessibility may be another
option. Many protein-coding genes bear multiple polyadenylation sites in their 32UTRs, enabling
the transcription of variable size mRNAs that may or may not contain specific miRNA target sites
[5]. Poly(A)-site selection is determined by context and type of polyadenylation signals. In general,
canonical polyadenylation signals (“AAUAAA”, “AUUAAA”) are distinguished from non-canoni-
cal polyadenylation signals. Several enzymes have been identified that are linked to 3´UTR pro-
cessing and are commonly referred to as 3´-processing factors, the stoichiometry of which seems
to be very influential (for a detailed summary of alternative polyadenylation see [6]). We hypothe-
sized that miRNA target-site accessibility could be modulated by alternative polyadenylation
(APA) processes as an additional mechanism of intronic miRNA-driven negative feedback loops.
First, we used a bioinformatics approach to investigate, whether APA-motif distribution differs in
the 32UTRs of host genes with and without an intronic miRNA seed matching site. We then chose
ZFR and its intronic miRNAmiR-579 as an example and could show that ZFR is in fact targeted
by miR-579. Moreover, we show that there are at least two 32UTR isoforms, one of which contains
the miRNA target site while the other doesn’t, proving that alternative polyadenylation is a way for
the cell to scale the degree of immediate negative feedback. We also investigated, whether intronic
miRNAs targeting their own host gene may interfere with polyadenylation machinery. Using bio-
informatics screening for overrepresented potential miRNA targets within the APAmachinery, we
identified CPSF2 as a potential intronic miRNA target. We show that ZFR targets CPSF2, and that
silencing of CPSF2 lead to an increased utilization of canonical polyadenylation signals. These data
indicate an interesting link between intronic miRNA feedback and alternative polyadenylation.
Results and Discussion
APA regulates the impact of intronic miRNAs on the expression of their
host genes
To investigate the hypothesis that APA regulates a negative feedback mechanism imposed by
miRNAs targeting their own hosts, we first classified intronic miRNAs into host-targeting
(HT) miRNAs or non-host-targeting (NT) miRNAs by searching for seed site matches within
the respective 32UTR sequences of the host genes. A total of 203 HT miRNAs were located in
168 host genes, with 583 seed site matches. 601 NT miRNAs were located within 351 host
genes (see also S1 Fig.). We found that HT miRNA host genes possess longer 32UTR sequences
(median = 2553 nt vs median = 1198 nt, P< 2.2E-16) and contain significantly more poly(A)
sites than NT miRNA host genes (median = 5 vs median = 3, P = 6.7E-9) (Fig. 1A). Of 583
total seed site matches, 435 HT miRNA-matching seed sites are potentially influenced by APA,
APA and Differential Negative Feedback
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Fig 1. Bioinformatics and biomolecular analyses indicate a role for APA in regulation of negative feedback. A) Comparison of APA-sites for HT
miRNA host genes and NT miRNA host genes. B) After CPSF2 silencing HT miRNA host gene UTRs display a different poly(A)-site usage pattern compared
to NT miRNA host gene UTRs and regular protein-coding genes’ UTRs. C) The motif discovered in upregulated APA regions after CPSF2 silencing
resembles the two canonical polyadenylation sites. D) Distribution of canonical poly(A) signals across the 32UTR of HT miRNA host genes and E) NT miRNA
host genes.
doi:10.1371/journal.pone.0121507.g001
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affecting 124 of the 168 HT host genes. In summary, our results illustrate that 32UTRs of HT
miRNA host genes are longer and contain more APA sites. Long 32UTRs have been shown to
preferably occur in genes in which slight expression changes can be detrimental to the cell,
thus requiring tight regulation [6]. We then mapped the here analyzed host genes to KEGG
(Kyoto Encyclopedia of Genes and Genomes), a database of known biological pathways. We
found that many of the here analyzed host genes are linked to signal transduction pathways
(S1 Table), thus representing a group of genes in which tight expression control is vital. Fur-
thermore it has been shown that shortening of 32UTRs by APA is a highly effective method to
escape regulatory control [7, 8]. Thus, our findings point to a potential regulation of HT
miRNA host genes by APA. Based on previous publications [4,7], it is tempting to speculate
that differential miRNA maturation, as described by Dill and colleagues, could be primarily
used for developmental regulation, while APA might be a primary mechanism in short-term
processes, such as immunoactivation [7].
ZFR is targeted and differentially regulated by its intronic miRNA hsa-
miR-579
After evaluation of binding probabilities and UTR-lengths of potential candidate host genes
harboring intronic miRNAs with a seed-matching motif in their 32UTR, ZFR (Zink-finger
recombinase) was chosen as the example molecule for further evaluation.
ZFR encodes a three zinc-finger protein [9] with a total length of 90,389 base pairs, 19 intro-
nic regions and a 32UTR length of 1,409 nucleotides (Fig. 2A). It hosts the human-specific
miRNA gene hsa-mir-579 in intron 11 (intron length: 4,722 bp, distance to the upstream exon:
684 bp), which appears to be co-expressed with its host gene, as there is no bioinformatic evi-
dence of an individual promoter region for this miRNA. Even though not well characterized,
recent literature suggests an important role for ZFR in neuron development [10]. It contains a
seed site for hsa-miR-579 at position-chr5:32,354,558–32,354,564 and, according to our data-
base, APA sites at positions chr5:32,354,730, chr5:32,355,524, and chr5:32,355,823 (Fig. 2B).
Importantly, only the longest UTR isoform harbors the binding site for hsa-miR-579 at nucleo-
tide position 1301 after the CDS. Canonical polyadenylation signal motifs appear at 135, 314
(AUUAAA), and 738 (AAUAAA) nucleotides. These isoforms were validated using 32RACE
with subsequent sequencing (S2 Fig.).
To experimentally validate the direct binding and targeting of hsa-miR-579 to its host ZFR,
we subcloned its 32UTR into the MCS of the psiCheck-2 vector. This vector contains both
Renilla reniformis luciferase (Rluc) and Photinus pyralis (Firefly) luciferase (Fluc) on a single
plasmid with the MCS located downstream of the Renilla encoding region. The reporter vectors
were co-transfected with pre-miR-579 (or with scrambled control) and Rluc/Fluc ratios were
calculated. Luciferase activity was significantly repressed (inhibition by 21.3 ± 11.9%); this ef-
fect could be counteracted by introducing a single-nucleotide mutation in the seed matching
sequence (Fig. 2C). After pre-miR-579 transfection of U87 cells, a decrease of mRNA levels of
ZFR (29%) was observed (Fig. 2D). Western blotting confirmed a significant protein reduction
(Fig. 2E). These data show that miR-579 not only targets its host ZFR, but due to the position
of the polyadenylation sites, this interaction might be differentially controlled. To investigate
this assumption, we transfected pre-miR-579 into U87 cells and measured the expression of
both the short and the long, miR-579-seed site match-containing UTR of the ZFR transcript
during a time period extending from 24 h to 72 h after transfection. As shown in Fig. 2F, the
abundance of the long UTR decreases over time (median expression after 72h was decreased
by 38% [range 32%–52% decrease] compared to normal control), while the short variant is not
affected (median decrease 16% [range 26% decrease—13% increase]).
APA and Differential Negative Feedback
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Fig 2. miR-579 targets its host, ZFR, and the APA associated gene CPSF2. A) Schematic diagram of the ZFR gene. B) Schematic diagram of the ZFR
32UTR including polyadenylation sites and the seed matching site for miR-579. C) U87 cells were co-transfected with reporter constructs containing wildtype
ZFR-32UTR or ZFR-32UTR lacking the miR-579 binding site (mut 32UTR) along with pre-miR-579 or negative control (NC). Results are expressed as Rluc/
Fluc ratio relative to NC (mean ± 95%CI; n = 6; *, p< 0.05). D) In U87 cells transiently transfected with scrambled control or pre-miR-579, ZFR and CPSF2
APA and Differential Negative Feedback
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APA may thus be a mechanism for the cell to selectively enable and disable direct negative
feedback of host genes by their intronic miRNAs.
HTmiRNAs influence the host gene’s accessibility by targeting the APA
machinery
Given the potential influence of APA on miRNA targeting we hypothesized that some miRNAs
themselves might actually influence the decision of which polyadenylation site is chosen. One
such mechanism would be the targeting of components of the APA machinery, which, via a
change of stoichiometry of APA components, might influence the target accessibility of their
host genes. We thus analyzed a set of 11 genes that have recently been associated with polyade-
nylation signal recognition (Table 1) [11]. 32UTR regions were searched in-silico for miRNA
seed site matches. Generally, all investigated genes exhibited seed site matches for a larger frac-
tion of HT miRNAs when compared to NT miRNAs or to intergenic miRNAs. Among these
genes, CPSF2, a gene linked to the recognition of polyadenylation signals [12, 13], yielded the
most significant difference in potential binding sites. Since CPSF2’s 32UTR contains a seed-
matching motif for miR-579 at 168 bp after the CDS, we first investigated, if CPSF2 is a target
of miR-579. Using the aforementioned reporter vector assay, luciferase activity was significant-
ly repressed (inhibition of 33.0 ± 8.5%) and recovered by introduction of a single-point muta-
tion (Fig. 2C). While CPSF2 mRNA levels were unaffected after miR-579 transfection
(Fig. 2D), western blotting revealed a significant reduction in CPSF2 protein abundance
(Fig. 2E). These results could be interpreted that either miR-579 regulates CPSF2 expression
via translational repression or that mRNA changes may occur outside of the analyzed time
window. To further elucidate the role of CPSF2 in the context of alternative polyadenylation,
U87 cells were transfected with specific siRNAs against CPSF2 resulting in a reduction of
CPSF2 mRNA of more than 90%. Subsequently, cells’ transcriptome was sequenced using an
AB-SOLiD platform. First, potential polyadenylation sites were identified and the reads were
mapped to the respective polyadenylation areas. Genes were then filtered for sequencing depth
mRNA expression was analyzed by quantitative RT-PCR. Values are mean ± 95%CI; n = 5; *, p< 0.05. E) Western blot analysis of the same samples using
specific antibodies as indicated (β-Actin served as loading control; one representative experiment of three is shown). F) In U87 cells, expression changes of
the long (miRNA binding site containing; red) and short (without miRNA binding site; blue) alternatively polyadenylated UTRs after transfection with pre-miR-
579 or with scrambled control was determined by quantitative RT-PCR. Values are shown as miR-579 transfection relative to scrambled control (n = 5; *,
p< 0.05).
doi:10.1371/journal.pone.0121507.g002
Table 1. Identification of APA genes preferentially targeted by HTmiRNAs.
Gene Symbol HT versus NT miRNAs q-value HT versus intergenic miRNAs q-value
CSTF1 28 (14%) vs 61 (10%) 0.371 28 (14%) vs 100 (10%) 0.333
CSTF2 76 (37%) vs 172 (29%) 0.171 76 (37%) vs 288 (29%) 0.171
CSTF3 23 (11%) vs 63 (11%) 0.827 23 (11%) vs 135 (13%) 0.495
CPSF1 7 (3%) vs 6 (1%) 0.171 7 (3%) vs 31 (3%) 0.827
CPSF2 79 (38%) vs 158 (27%) 0.021 79 (38%) vs 258 (26%) 0.01
CPSF3 6 (3%) vs 9 (2%) 0.371 6 (3%) vs 14 (1%) 0.333
CPSF4 28 (14%) vs 62 (10%) 0.371 28 (14%) vs 105 (10%) 0.371
NUDT21 81 (39%) vs 201 (34%) 0.371 81 (39%) vs 353 (35%) 0.371
CPSF6 136 (66%) vs 365 (61%) 0.371 136 (66%) vs 618 (61%) 0.371
CPSF7 138 (67%) vs 380 (64%) 0.55 138 (67%) vs 631 (63%) 0.371
FIP1L1 19 (9%) vs 30 (5%) 0.171 19 (9%) vs 55 (5%) 0.171
doi:10.1371/journal.pone.0121507.t001
APA and Differential Negative Feedback
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and significant changes in 32UTR poly(A) region usage (at least one significant increased and
at least one significant decreased poly(A) region per 32UTR), a total of 6313 genes were subject
to further analysis (36 HT miRNA host genes, 191 NT miRNA host genes, 6086 regular protein
coding genes). On average, the mapped reads-count for poly(A)-regions that were more distant
from the CDS increased, whereas the mapped reads-count for closer regions decreased after
CPSF2-silencing, suggesting an elongation of the 32UTR. Surprisingly, the majority of HT
miRNA host genes displayed a significant opposite effect: 32UTRs were shortened (Fig. 1B,
Table 2). To find an explanation for these observations, we analyzed the sequence-blocks that
most significantly gained read counts using the MEME web tool for overrepresented motifs
[14]. The most significant motif found resembles the consensus sequence of the two known ca-
nonical polyadenylation signals (Fig. 1C), strongly suggesting a role of CPSF2 in utilization of
non-canonical polyadenylation signals. As it is known, that canonical polyadenylation signals
tend to be located near the outmost 32 region of a UTR [15], the supposed general tendency to-
wards longer 32UTRs could be well explained by a model where CPSF2 is responsible for the
recognition of non-canonical poly(A)-signals. As HT miRNA host genes did not follow that
general rule, we compared distributions of the relative position of canonical polyadenylation
signals within HT host gene UTRs and NT host gene UTRs. Indeed, distribution patterns for
canonical poly(A)-signals in HT miRNA host genes significantly differed from NT miRNA
host genes (median = 0.55 vs median = 0.73, p< 2.2E-16): While poly(A)-signals in NT
miRNA host genes accumulate at the 32 end of the UTR, thus resembling the distribution of
the majority of protein-coding genes, they tend to be more evenly distributed in HT miRNA
host genes (Fig. 1D and1E). In fact, 473 of the 583 HT seed matching motifs were preceded by
a canonical poly(A) signal, offering an explanation why more than half of the significantly af-
fected HT host gene UTRs showed a pattern of utilization of more proximal poly(A)-sites.
We thus identified CPSF2 as a molecule that is potentially targeted by several intronic miR-
NAs. When silenced, polyadenylation seemed to be biased towards recognition of canonical
poly(A)-signals, suggesting 32UTR elongation for the majority of genes, and 32UTR shorten-
ing in a significant fraction of HT host genes.
These findings may point to a new model for regulation of miRNA host gene expression via
alternative polyadenylation (Figs. 3 and 4): After co-expression of host gene and its intronic
miRNA, the miRNA is able to regulate its host gene by binding to the 32UTR. Simultaneously,
the miRNA targets CPSF2, thereby changing the stoichiometry of polyadenylation factors. Sub-
sequently, canonical poly(A)-signals are preferred over non-canonical signals leading to a
shortening of the host gene UTR with consecutive loss of the seed site match. This leads to a
decoupling of the negative feedback circuitry.
Conclusions
The persistent transcriptional coupling of a miRNA with its host that is also its target would
per se not be very useful. Thus, mechanisms allowing a differential regulation need to exist.
While previous authors described differential intronic miRNA processing as one mechanism
[4], we investigated the relationship between ZFR and its intronic miRNA hsa-mir-579 and
found another possibility of regulation. We could show that miR-579 targets its host ZFR, and
that via APA two ZFR transcripts exist, one that is targeted by its intronic miRNA, and another
one that is not. As an addition, we provide evidence that APA in turn might be influenced by
intronic miRNAs through interfering with the expression of CPSF2, suggesting that at least
some intronic miRNAs might even be able to turn negative feedback off themselves.
It is tempting to speculate that differential miRNA processing is a technique primarily em-
ployed during organism development and cell differentiation, while alternative
APA and Differential Negative Feedback
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Table 2. HTmiRNA host genes with significant 3´UTR changes after CPSF2-silencing.
host gene symbol miRNA symbol HT miRNA 3´UTR change
CHM hsa-miR-361-5p yes shorter UTR
CHM hsa-miR-361-3p no shorter UTR
DKC1 hsa-miR-644b-5p no shorter UTR
DKC1 hsa-miR-644b-3p yes shorter UTR
GPC1 hsa-miR-149-5p yes shorter UTR
GPC1 hsa-miR-149-3p yes shorter UTR
HNRNPK hsa-miR-7-5p no shorter UTR
HNRNPK hsa-miR-7-1-3p yes shorter UTR
TNPO1 hsa-miR-4804-5p no shorter UTR
TNPO1 hsa-miR-4804-3p yes shorter UTR
LPP hsa-miR-28-5p no shorter UTR
LPP hsa-miR-28-3p yes shorter UTR
MLLT6 hsa-miR-4726-5p yes shorter UTR
MLLT6 hsa-miR-4726-3p no shorter UTR
NHS hsa-miR-4768-3p no shorter UTR
NHS hsa-miR-4768-5p yes shorter UTR
SREBF1 hsa-miR-33b-5p yes shorter UTR
SREBF1 hsa-miR-33b-3p no shorter UTR
PPFIA1 hsa-miR-548k yes shorter UTR
ALDH4A1 hsa-miR-4695-5p yes shorter UTR
ALDH4A1 hsa-miR-1290 no shorter UTR
ALDH4A1 hsa-miR-4695-3p yes shorter UTR
CTDSP2 hsa-miR-26a-5p yes shorter UTR
CTDSP2 hsa-miR-26a-2-3p no shorter UTR
COPZ1 hsa-miR-148b-3p yes shorter UTR
COPZ1 hsa-miR-148b-5p yes shorter UTR
DPY19L1 hsa-miR-548n yes shorter UTR
ZFR hsa-miR-579 yes shorter UTR
GALNT7 hsa-miR-548t-5p yes shorter UTR
GALNT7 hsa-miR-548t-3p no shorter UTR
RBM47 hsa-miR-4802-3p yes shorter UTR
RBM47 hsa-miR-4802-5p no shorter UTR
GALNT10 hsa-miR-1294 yes shorter UTR
C9orf3 hsa-miR-23b-3p no shorter UTR
C9orf3 hsa-miR-24-3p no shorter UTR
C9orf3 hsa-miR-24-1-5p yes shorter UTR
C9orf3 hsa-miR-27b-5p no shorter UTR
C9orf3 hsa-miR-2278 yes shorter UTR
C9orf3 hsa-miR-23b-5p no shorter UTR
C9orf3 hsa-miR-27b-3p no shorter UTR
LASS6 hsa-miR-4774-3p yes shorter UTR
LASS6 hsa-miR-4774-5p no shorter UTR
ADCY6 hsa-miR-4701-3p yes longer UTR
ADCY6 hsa-miR-4701-5p no longer UTR
CD58 hsa-miR-548ac yes longer UTR
NFYC hsa-miR-30c-5p no longer UTR
NFYC hsa-miR-30c-1-3p yes longer UTR
(Continued)
APA and Differential Negative Feedback
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polyadenylation appears to be a mechanism for responding to environmental factors, such as
described by Sandberg and colleagues.
As an abstraction of our results, we depict a hypothetical model of intronic miRNA feedback
regulation in Fig. 4: After expression of the host gene and its intronic miRNA, the miRNA is
able to regulate its host gene by binding to the 3´UTR. Simultaneously, the miRNA targets the
3´UTR-processing factor CPSF2, thereby changing the stoichiometry of polyadenylation fac-
tors. Subsequently canonical poly(A)-signals are preferred over non-canonical signals, leading
to a shortening of host gene UTRs of these miRNAs with subsequent loss of the seed site
match. This leads to decoupling of the negative feedback circuitry.
Due to the nature of miRNAs as fine-tuners of gene expression, it is unlikely that expres-
sional changes of a single miRNA in vivo are enough to sufficiently change CPSF2 expression.
Additional miRNAs and further regulatory mechanisms are needed to exert the proposed
effect.
Even though reality is doubtless more complex than appreciated in the current work, our re-
sults may unveil an important piece in the understanding of miRNA based negative feedback
circuitries.
Table 2. (Continued)
host gene symbol miRNA symbol HT miRNA 3´UTR change
NFYC hsa-miR-30e-3p no longer UTR
NFYC hsa-miR-30e-5p no longer UTR
SCP2 hsa-miR-1273g-3p yes longer UTR
SCP2 hsa-miR-1273g-5p no longer UTR
SCP2 hsa-miR-5095 no longer UTR
SCP2 hsa-miR-1273f yes longer UTR
ZRANB2 hsa-miR-186-5p yes longer UTR
ZRANB2 hsa-miR-186-3p yes longer UTR
BRE hsa-miR-4263 yes longer UTR
ARHGEF11 hsa-miR-765 yes longer UTR
AP3S2 hsa-miR-5094 yes longer UTR
AP3S2 hsa-miR-5009-3p yes longer UTR
AP3S2 hsa-miR-5009-5p yes longer UTR
IGF2BP2 hsa-miR-548aq-3p yes longer UTR
IGF2BP2 hsa-miR-548aq-5p no longer UTR
HBS1L hsa-miR-3662 yes longer UTR
C9orf5 hsa-miR-32-3p yes longer UTR
C9orf5 hsa-miR-32-5p no longer UTR
PITPNC1 hsa-miR-548aa yes longer UTR
ATAD2 hsa-miR-548d-5p yes longer UTR
ATAD2 hsa-miR-548d-3p yes longer UTR
FBXW7 hsa-miR-3140-5p no longer UTR
FBXW7 hsa-miR-3140-3p yes longer UTR
NMNAT1 hsa-miR-5697 yes longer UTR
RASSF3 hsa-miR-548c-5p no longer UTR
RASSF3 hsa-miR-548c-3p yes longer UTR
doi:10.1371/journal.pone.0121507.t002
APA and Differential Negative Feedback
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Methods
Datasources
MySQL version 5.0 was used on a dual core server running Ubuntu Linux. The database was
accessed using Python 2.7 with the Pygr and MySQLdb libraries. MiRNA seed complementary
sites were identified by searching 32UTRs for a complete complementary match of nucleotides
2–8 of the mature miRNA sequence or a match of nucleotides 2–7 followed by an adenine
(‘A’). The human reference genome sequence (hg19/GRCh37), gene transcription annotation
information and human transcriptome data from the Reference Sequence Project (RefSeq; Re-
lease #49) [16], were downloaded from the UCSC Genome Browser [17, 18] and retrieved
Fig 3. Model of intronic negative feedback regulation. After coexpression of miRNA and host gene, the miRNA directly regulates its host gene as well as
CPSF2. After removal of CPSF2 the polyadenylation-complex is biased towards recognition of canonical sites. In the next transcription cycle, the canonical
site that precedes the miRNA binding site is utilized. Hence, regulation of the host gene by its intronic miRNA is disabled.
doi:10.1371/journal.pone.0121507.g003
APA and Differential Negative Feedback
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from the NCBI’s ftp-server. miRNA genomic coordinates, seed sequences, and family informa-
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Identification of APA Sites
Three different datasources were integrated for the analysis. First, we mapped all expressed se-
quence tag (EST) sequences to the human reference genome using a previously described pro-
tocol [22, 23]. Only sequences with an adenine stretch of more than 10 untemplated
nucleotides in the 3´ extremity were selected. Internally primed ESTs were removed and chi-
meras and paralogs were controlled for. Second, APA site data across five human tissues de-
rived from PolyA-Seq were integrated into this data source [5]. Third, RNA-Seq data (see
below) were used to identify potential APA sites. Color code reads were required to contain at
least two untemplated “0”s as well as at least two reads for the same site of different mapping
length. APA sites within a distance of 40 nucleotides were subsumed into one site. Only sites
within the longest annotated RefSeq transcript were considered.
Poly(A)+ libraries construction and sequencing
To prepare Poly(A)+ libraries, we started with 500 ng Poly(A)+ RNA from each sample. The
RNA was fragmented using RNAse III, followed by ligation of SOLiD adaptors, reverse tran-
scription, and size selection for subsequent amplification, according to the manufacturers’ in-
structions (Life Technologies). After assessing the amplified DNA for yield and size
distribution on the Bioanalyzer instrument (Agilent), libraries were submitted to emulsion
PCR followed by sequencing on a SOLiD4 System.
Bioinformatics analysis of RNA-Seq data
A total of* 50 million color code reads for CPSF2-silenced cells (study data) and* 100 mil-
lion color code reads for cells transfected with a non-functional pre-miRNA (control data)
were analyzed. Data were deposited at [SRA-ACC:SRP053217]. All generated reads were
mapped against the human reference genome using the genome mapping pipeline from Bio-
scope (standard parameters). All alignments were converted to BAM format and only align-
ments with a quality score 20 (guaranteeing an alignment error-rate of at most 1% and a
unique genome match per read) were selected. These mapped reads were crossed with gene an-
notation and APA information, and read counts for each poly(A) region were calculated. Sta-
tistical significance of read count changes was assessed using the binomial test. A gene’s
32UTR was considered prolonged in the study group when the median index of significantly
upregulated poly(A)-blocks was greater than the median index of significantly downregulated
poly(A)-blocks and shortened otherwise. Only genes that contained both significantly up- and
downregulated poly(A)-blocks were considered. The MEME tool was used with standard pa-
rameters (motif occurrences per sequence: 0 or 1, motif-width: 6–20, number of motifs: 0–5)
on the 292 most significantly upregulated poly(A)-region sequences as positive and 89 most
significantly downregulated poly(A)-region sequences as negative controls [12]. Of each of
these regions, 40 nucleotides upstream of the poly(A)-site were used.
Statistical analysis
We performed all statistical calculations using the statistical programming software R or the
Stats-library from the python scientific computing project SciPy [24]. The Mann-Whitney-U
test was used for the assessment of statistical significance of differences in 32UTR lengths and
number of APA sites between intronic host-targeting (HT) miRNAs and intronic non-host-
targeting (NT) miRNAs. We applied the Fisher’s exact test for identification of genes preferen-
tially targeted by HT miRNAs. Correction for multiple hypothesis testing done using the Ben-
jamini-Hochberg algorithm where appropriate. We followed the seed matching motif
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algorithm of popular target prediction tools and required either a base-complementary match
of nucleotides 2–8, or Mapping of HT miRNAs to the Kyoto Encyclopedia of Genes and Gene
Products (KEGG) and to the Gene Ontology biological function was carried out using R’s bio-
conductor packages GOstats, KEGG.db, GO.db, org.Hs.eg.db, and Cytoscape in combination
with the Bingo plugin [25–29]. qPCR and Luciferase measurements were normalized across
the three replicates of the normal control. Statistical significance was assessed using the Mann-
Whitney-U test. Throughout the whole manuscript a significance level of< 0.05 was used.
Cell culture
U87 cells (American Type Culture Collection) were grown at 37°C and 5% CO2 in Dulbecco’s
modified Eagle medium (Lonza) supplemented with 10% heat-inactivated FCS, 1% penicillin/
streptomycin/glutamine (v/v) and 1% NEAA.
Transfection and reporter gene assay
Cell transfection experiments were performed using the Neon Transfection System (Invitro-
gen). U87 cells were transiently transfected with ON-TARGETplus SMARTpool siRNA against
CPSF2 or negative control (Dharmacon) at final concentrations of 50 nM. Cells were harvested
96 hours later. The psiCheck-2 Dual-Luciferase Vector (Promega) was used for the generation
of reporter constructs (for details see S1 File). U87 cells were co-transfected with 1 μg psi-
Check-2 reporter vector containing ZFR or CPSF2 32UTR variants with pre-miR miRNA pre-
cursor molecules (Ambion) at final concentrations of 50 nM. After 40 hours, luciferase activity
was analyzed using the Dual-Glo Luciferase Assay System (Promega) and Renilla luciferase ac-
tivities were normalized to Firefly luciferase activities. All data resulted from five or more
independent experiments.
RNA isolation and synthesis of cDNA
Total RNA was isolated using the RNAqueos Kit (Ambion) with subsequent DNase treatment
(Turbo DNA-free Kit, Ambion). RNA quantity was determined using the NanoDrop ND-1000
spectrophotometer (Peqlab). cDNA was synthesized from 1 μg of total RNA using the Super-
ScriptIII First Strand Synthesis System (Invitrogen) and random hexamers. For quantification
of ZFR long and short UTRs, a primer-specific reverse transcription was performed using the
poly(A)-Linker listed in S1 File.
PCR experiments
Quantitative real-time PCR was performed on a Light Cycler 480 (Roche Diagnostics) using
Roche´s UPL probes. For quantification of ZFR long and short UTRs, a reverse primer specifi-
cally annealing on the poly(A)-linker in combination with specific forward primers was used
for qPCR together with Roche's SYBR Green. Cycling conditions were 45 cycles of 95°C for
10 s, 60°C for 10 s, and 72°C for 15 s. Specificity was verified by melting point analysis. In all
cases, reference gene normalization to SDHA and TBP as previously described [30]. All qPCR
primers are listed in S1 File. 32RLM-RACE was performed using the FirstChoice RLM-RACE
Kit (Ambion) and the primers listed in S1 File. PCR products were subcloned into the Strata-
Clone Blunt Vectoramp/kan (Stratagene) and sequenced.
Western blot analysis
Western blotting was performed with 30 μg of total protein extract and antibodies against ZFR
or CPSF2 (both: Abcam). Mouse monoclonal anti-β-actin antibody served as a loading control.
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Immunoreactive bands were detected using goat anti-rabbit or goat anti-mouse HRP conju-
gates (Cell Signaling Technologies).
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